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INVESTIGATION OP TWO SHORT ANNULAR DIPPUSER 
CONFIGURATIONS UTILIZING SUCTION AND INJECTION AS A 
MEANS OF BOUNDARY-LAYER CONTROL 
By Stafford W. Wiltur and James T. Higglnlootham 

SUMMARY 


The performances of two annular diffuser designs applicable to 
turbojet afterburner installations were investigated to determine the 
effectiveness of injection and suction boundary -layer controls. The 
outer shell was cylindrical in each case. The basic center-body design 
was an abrupt dump type which produced an eq.uivalent conical diffuser 
angle of approximately 100°. The addition of a conical center-body 
fairing to the basic design produced a second configuration corresponding 
to an eq.uivalent conical dlffiiser angle of 52°. Both designs had an area 
ratio of 1,9 j 1 and were tested with fully developed pipe flow at the 
inlet up to a Mach number of 0.4-5. 

For the largest injection-slot opening investigated on the 100° dif- 
fuser, injection at a rate of 5*^ percent produced effective control 
over the velocity distribution, a 35-pe3rcent Increase in the measured 
static -pres sure rise, and a 50 ~P® 3 rcent reduction in the measured loss 
coefficient. Pumping power corrections reduced the 35-percent increase 
in static -pressure rise to about 21 percent and eliminated the reduction 
in loss coefficient. Suction control in the 100° diffuser was not effi- 
cient because of the extensive backflow region downstream from the dtunp. 
Suction control in the fairing configuration produced effective control 
over the velocity distribution, but the performance in terms of static - 
pressure rise and loss coefficient was not efficient because of the 
inadequate center -body design upstream from the auxiliary flow slot. The 
100° diffuser with injection compared favorably with the performance of a 
31 ° diffuser with an approximately elliptically shaped center body previ- 
ously tested with vortex -generator controls. 
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INTRODUCTIOK 


The performance characteristics of subsonic -aiinular -diffuser designs 
applicable to turbojet afterburners are being studied in a research pro- 
gram initiated to develop short configurations approximately one outer 
diameter or less in length which provide stable flow, minimum total- 
pressure loss, arid reasonably uniform diffuser -exit velocity distribu- 
tions over at least 80 percent of the cross-sectional area. These goals 
are req.uired in order to achieve efficient overall engine performance. 

Comprehensive Investigations of the effectiveness of vortex gener- 
ators with annular diffusers varying in the ratio of length to outer 
diameter from zero to 1.0 (equivalent cone angles of 180° and 15°^ 
respectively) are presented in references 1 to 5* The general configu- 
ration consisted of a cylindrical outer body and an inner body having a 
progressively decreasing diameter. The results of these investigations 
indicated that more favorable velocity distributions were obtained at 
the downstream station corresponding to a length-diameter ratio of 1.0 
(afterbvirner inlet station) when the inner body length was 50 to 6o per- 
cent of the outer body diameter. Such configurations were almost as 
efficient as the annular diffuser of reference 1, which had an equivalent 
cone angle of 15°. Although vortex generators were capable of producing 
considerable Improvement, the desired control over the velocity distri- 
butions at the afterburner inlet station was not obtained. Therefore, 
research into other methods of boundary-layer control was ■undertaken. 

A preliminary investigation of an abrupt dump-type diffuser with an 
equivalent cone angle of 125° (ref. 6) indicated that both suction and 
injection controls were capable of producing improved diffuser flow. 

Both types of control greatly improved the static -pres sure rise through 
the diffusing region, but the res'ults indicated the need for f'urther 
research in order to reduce the amotint of auxiliary flow required for 
satisfactory diffuser performance and to reduce the puinping losses in 
the auxiliary flow. 

The purpose of the investigation reported herein was to extend the 
preliminary work done by Henry and Wilbur (ref. 6) . G?he diffuser center 
body .was longer than that of reference 6 and provided a more gradual 
initial diffusion rate prior to its abrupt termination. The auxiliary 
flow slot was located adjacent to the main stream in order to provide a 
maximum, of control over the diffusion. The slot alinement was designed 
so that the injection stream would tend to form a cone with the vertex 
on the diffuser center line at the station corresponding to a length- 
diameter ratio of about one-half. The slot was arranged in this manner 
in order to provide a maximum of control over the velocity distribution 
in the central region of the diffuser and in order to provide ample 
length for natural mixing at the downstream end. A second diffuser 
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config\aratiorL, which was obtained by attaching an approximately conical 
fairing to the terminal of the center body, was tested in order to 
evalviate the effect of the abrupt dump on the performance. 

The present Investigation was conducted with fully developed pipe 
flow at the diffuser inlet. Performance was determined with no boundary- 
layer controls and with suction and injection. Most of the tests were 
conducted at an inlet Mach number of approximately 0.26, although the 
Mach number range was varied in some cases from approximately 0.l8 to 
0.45 with a resulting maximum Reynolds nvimber (based on the inlet lydrau- 
lic diameter) of approximately 1.6 x 10^. 


STJMBOLS 


D diffuser outer diameter 

d hydraulic diameter, 4 cross -s.^tlonal .^ea„.of duct 

Perimeter of duct 

H total pressure 

^ total-pressure loss 

I longitudinal distance measured from start of geometric 

diffusing region 

M Mach number 

m mass flow 

n exDonent in expression for boundary-layer velocity distribution 

^ - (If 

p static pressure 

^ static -pressure rise 

P auxiliary air pvunping-power coefficient, 

Rg - Hs\ 

100 ) 



or 




k 
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q.c impact pressure, E - p 

R ratio of auxiliary air volxme flow to main stream volume flow 

at inlet station, percent 

u local velocity 

U maximum velocity occvirring in radial velocity distribution 

y perpendicular distance from outer wall 

6 boundary-layer thickness 


5 * 


s*/e 


“boundary -layer displacement thickness, 


boundary -layer nomentiom thickness^ 
boimdary -layer shape parameter 




diffuser effectiveness , 


^1 


\ 

^l] 


+ F 


Ideal 


Subscripts : 

1 diffuser inlet station 

la reference static -pres sure station 

2, 3 downstream diffuser stations 

X variable downstream diffuser station 

S suction 

I injection 


A bar over a symbol indicates a mass -weighted average quantity 
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APPARATUS Al® PEOCEDUEE 
Test Equipment 


The general test apparatus is shovm in figure l(a) . Air was induced 
through the diffuser hy an exhauster fan connected to the downstream end. 
The inlet "boundary layer was developed in approximately 27 feet of 
upstream annular ducting. The center "body of the annular approach duct 
was used as an auxiliary air duct and was connected to a blower or 
exhauster according to whether injection- or suction-flow control tests 
were in progress. The auxiliary air duct was fitted with a flow- 
measuring orifice designed and installed according to A.S.M.E. standards 
(ref. 7). 


The diffuser inner "body was cylindrical with the downstream, end 
rounded to a 5^ -inch radius as shown in figure l(b) . For convenience^ 


the curved portion of the inner body will herein be referred to as the 
"cowl," and the circular plate which serves as the inner wall for the 
auxiliary air gap will be refeirred to as the "plug." The plug was 
translated axially to vary the size of the auxiliary air -flow gap. A 
fairing was attached to the downstream face of the plug for some of the 
configurations tested (see figure l(b) ) . An angular connotation will be 
used herein to define annular diffusers. This connotation is defined as 
the total included angle of an equivalent straight-walled conical dif- 
fuser possessing the same inlet and exit areas and diffuser length. With 
this system, the basic diffuser of the subject report has an equivalent 
cone angle of approximately 100°, and the basic innerbody and fairing 
has an equivalent cone angle of 52 °. 


Instrumentation 

Stream total and static pressures were measured by four equally 
spaced, remote-controlled survey rakes at stations 1, 2, and 5. Flow 
surveys were made at only one station at a time so that there were no 
instruments in the stream ahead of the measuring station. Stagnation- 
tezr^erature and reference -pres sure measurements were taken at a point in 
the approach annulus several hydraiilic diameters upstream from the dif- 
fuser inlet (station l) , and measurements of the stagnation pressure and 
temperatzore were taken in the auxiliary air duct about 1 innerbody diam- 
eter upstream from the plug. 

One row of static-pressure orifices was installed in a longitudinal 
plane in the outer wall from a point upstream of the diffuser inlet sta- 
tion to a point about 1 dieimeter downstream of station 3« At stations 
l(a) , 1, and 3, four equispaced static orifices were located 
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c ircxmf erentially in the outer wall. In order to observe the flow, 
rows of small wool tufts were Installed along the outer and inner walls 
between stations 1 and 5 and were found to have no effect on diffuser 
performance. All pressinre m,easurements were made with multitube manom- 
eters containing a fluid whose specific gravity was 1.75* manometer 

scales were read to the nearest millimeter. 


Tests 

The performance of the diffuser was measured over a Mach number 
range from = 0.18 to O.ii-0 with the plug positioned to give a zero 
gap. Total- and static -pressure surveys were made at stations 1, 2, and 
5 for the diffuser with and without the fairing attached to the plug. 

Most of the runs with boundary -layer control were made at an M]_ 0.26 

with gap settings of 0.031^ 0.062, and 0.121 inch. Surveys were made 
at two downstream stations (stations 2 and 3) in order to indicate the 
development of flow downstream from the diffuser as it proceeded through 
the tailpipe. The surveys at station 2 gave an indication of the veloc- 
ity distribution at that point, although the accuracy was low because 
of the radial velocity conroonents, flow asymmetries, and high turbulence 
level. The surveys at station 3 gave more accurate velocity distributions 
and loss coefficients than those at station 2j therefore, the relative 
performance of the various configurations is presented for this station, 
which was 1.09 outer body diameters from the start of the geometric 
expansion. 


Basis of Comparison 


The description of the flow at station 1 is presented in terms of 
the velocity ratio u/U in order to indicate the q.uality and character 
of the inlet boundary -layer distribution. The flow development in the 
diffuser is presented in terms of the outer wall longitudinal distribu- 


tion of static -pres siare coefficient 


^x-la 

5ci 


The coefficient is refer- 


enced to the static pressure at station la^ which was sufficiently 
upstream to he insensitive to flow or conflg‘oration changes between 
stations 1 and J. The radial distribution of relative velocity u/ui 
describes the flow at stations 2 and 5 an<i^ in addition, indicates the 
local reduction in velocity due to diffusion. The overall diffuser 

^5 -la 

performance is presented in terms of the mean coefficients — 


and I— IT 



Measured 
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Previous investigations have reported that in regions of turbulent 
flow, the pressure measurements as recorded by a pitot-static tube indi- 
cate values that are higher than is consistent with flow continuity. 

(See refs. 5 8-) This error can be evaluated in terms of mass flow 

if the inlet conditions are assumed to be correct. The measured mass 
flow at a downstream station, as obtained from an integration of the 
survey profiles, is greater than the corresponding measured mass flow 
at the inlet, whereas for continuity the flow must be constant through a 
a closed-flow system. The ratio of this mass-flow discrepancy to the 
inlet mass flow 


An ^ ^5 ~ (°'l or s) 

^Act m3_ ELj Qp g 

has been calculated for station 5 and indicates qualitatively the mean 
turbulence level at this station. No accurate method for correcting the 
measured loss coefficient is known to exist because turbulence distribu- 
tions have not been determined and because the phenomenon in general has 
not been evalmted experimentally. If it is imperative that a corrected 
value of loss coefficient be estimated for purposes of engineering 
approximation, the use of the following equation is suggested: 



Corrected 




The above equation assumes that the measured impact pressure at station 5 
should be reduced by the square of the ratio of inlet mass flow to the 
mass flow measured at station 5* accuracy of the suggested equation 

is unknown. 


For the purpose of evaluating the diffuser performance, the pumping 
power required for suction or injection control, must be determined. 

The pimiping power coefficient is defined in figure 2. In order to eval- 
uate the coefficient, it was necessary to assume a hypothetical source 
for the injection air and a hypothetical exit for the suction air. In 
both cases, the diffuser inlet was assumed as the reference station; 
thus, the auxiliary air system was confined to the diffuser proper and 
any variables which woiild be impossible to assess In applying the results 
were eliminated. It was assumed that the auxiliary air -flow punp operated 
at an efficiency of 100 percent. In the case of injection, it was assumed 
that a pump woixLd have to supply a press-ure rise equal to the difference 
between the inlet static pressure and the measured total pressure in the 
chamber upstream from the injection gap. For suction, it was assumed 
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that the puiap would supply a pressure rise eq.ua! to the difference 
between the inlet mean total pressure and the chamber total pressure. 

The total -pres sure loss of the diffuser^ including the pimping- 

+ P. The 

Meas\ired 


power consideration, is then evaluated as 




^5 




diffuser effectiveness 


is evaluated as 


^5-1 

^1 


iT) 

\ Ideal 


+ P 


where 


is the theoj^etical, one -dimensional, isentropic static- 

ideal 

pressure coefficient corresponding to the mean inlet static and total 
pressures and the diffuser area ratio. 



RESULTS AND DISCUSSION 
Inlet Measurements 


In order to define the inlet-flow conditions, total- and static - 
pressure surveys were made at station 1 for four eq.ually spaced 
circumferential positions. Ultimately, the weighted mean values of 
these measurements were used in determining the overall performance 
coefficients. Velocity profiles determined by using the survey data 
are presented in figure 5 terms of the ratio of local velocity to 
the maximum velocity as a function of radial position in the annulus. 
Inasmuch as no significant circumferential variations were measured, 
the average of the four sets of data is presented. Figure 5 indicates 
that only small differences existed between the data for the inner and 
outer wall with respect to velocity profiles and the significant 
botmdary -layer parameters. The boundary layer filled the entire annulus, 
similar to fully developed pipe flow, and the use of boundary -layer 
controls did not alter the inlet conditions for the range of variables 
tested. The inlet boundary layer of the investigation reported herein 
is essentially the same as that of references 2 to 6. 



MCA R4 L5lt-Kl8 


9 


Flov; Observations 

Observations of small woolen tufts Installed along the diffuser 
walls indicated that two definite and distinct flow patterns occurred 
during the investigation. The nore stable flow pattern was established 
when the flow separated from the cowl a short distance xjpstream from the 
point at which the auxiliary flow was introduced to the diffuser. The 
other flow pattern was established when the flow remained attached to 
the cowl until its abrxjpt termination at the point where auxiliary flow 
was encountered. The attached flow was fo\aad to exist only for injec- 
tion through gap settings of O.O 62 and 0.121 inch without the fairing 
installed. At a gap setting of O.O 62 inch, it was possible to obtain 
both flow patterns. The attached -flow case was normally obtained when 
the flow was initiated. After operating a period of time, the flow 
occasionally changed abruptly to the separated state. When separation 
became established, it was generally necessary to stop all air flow 
throi;igh the diffuser and then restart the blowers before attached flow 
co^Ild be reestablished. It was noted during the tests that attempts to 
inject the higher quantities of auxiliary flow were a frequent cause of 
the precipitation of separated flow. The tuft observations regarding 
the two states of flow were substantiated by downstream pressure surveys. 
When the flow was attached, moderate turbulence, as evidenced by the 
tuft fluctuations, was present on the outer wall downstream of the inner 
body, whereas for separated flow the t^Ifts indicated violent turbulence. 

As discussed previously, additional information may be obtained with 
respect to the relative turbulence of the flow under various conditions 
by comparing the mass -flow measurements at a downstream station with the 
measinrements at the inlet station. Such a comparison is presented in 
figure 4 as a f motion of the percentage auxiliary flow. The data indi- 
cate that suction control produced higher mass-flow errors, and, therefore, 
higher turbulence levels, than Injection. The higher values with suction 
are probably attributable in part to the inability of suction control to 
prevent flow separation from the cowl. The errors obtained with this 
diffuser are typical in magnitude of those obtained in the Investigations 
of references 5 and 8. The data for station 2 are not presented because 
of the data scatter and Inaccuracies; however, the trends observed are 
the same as those observed at station 3 but of greater magnitude. 


Static -Pressure Distributions 

Longitudinal static-pressure distributions .- A convenient index to 
the flow development for a given diffuser is the longitudinal static - 
pressure distribution, since the change in static pressme per mit 
length is indicative of the change of the mean Impact pressure. Plots 
of the static -pres sure -rise coefficient as determined from the outer- 
wall static -pres sure orifices are given in figures 5 "to 8 as a f met ion 
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of diffuser length for control and no control. The values given are 
slightly higher than mean values in the region immediately downstream 
from the center body because of radial pressure gradients such as those 
described in reference It-, In addition, the data have not been corrected 
for injection and suction pumping powers. 


The data of the subject diffusers are compared with those of the 
125° diffuser of reference 6 and the diffuser of reference 5 in 
figure 5 for the cases corresponding to no-flow controls. An Increase 


in the radius at 
the 5 ^ inches of 
coefficient 

5ci 


the break from the inches of the 125 ° diffuser to 
the 100 ° diffuser improved the static -pres sure -rise 
approximately 100 percent at station 2 and 20 percent 


at station 5 in spite of separation from some position on the cowl. 

The addition of the fairing to form a 52° diffuser produced no signifi- 
cant improvement, probably because the flow was separated from the 
cowling upstream from the fairing. The 51 ° diffuser, similar in length 
but of different geometry from the cowl and fairing, produced the best 
performance. This result is probably due to the lower initial rate of 
expansion produced by the 12.55-inch radius Joining the ellipsoid of the 
51 ° diffuser to the cylindrical center body. The larger radius mdoubt- 
edly delayed separation to a larger area ratio. From the performance of 
these diffusers with no control and from flow observations, it is to be 
concluded that the cowl should be designed with a more gradual rate of 
area expansion (larger radius) ; thus, flow separation upstream from the 
auxiliary flow openings is prevented. 


The improvement achieved in the longlt\idinal static -pres sure dis- 
tributions for the 100° diffuser through the use of injection or suction 
for boundary-layer control is shown in figures 6(a) to 6(d) . The maximum 
Improvements were achieved with injection control in a region corre- 
sponding to approximately l/D = 1 / 2 , (station 2). This location corre- 
sponds to the point on the center line where the vertex of the cone of 
injection air occurs. Injection of auxiliary air was effective in 
increasing the static -pres sure rise with either attached or separated 
flow on the cowl surface; however, with separated flow, more injection 
air was required to achieve a given performance. This condition is 
readily apparent in figure 6(b), where both separated- and attached-flow 
cases are presented for an injection flow rate of 2.15 percent. 

The basic 100° diffuser, when utilizing suction as a flow control, 
was responsible for some Improvement in the longitudinal static -pres sure 
distribution, although it was largely ineffective when conpared with 
Injection. Figure 7 shows that the addition of the fairing to the basic 
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design to produce a 52° diffuser increased the effectiveness of the 
suction control and indicated that suction could not control the hack- 
flow region in the 100° diffuser. Both configurations s\affered from flow 
separation from the cowl with suction control. Figure 7 also shows that 
injection control with the fairing in place was very effective when the 
auxiliary flow (6.I5 percent) was sTifficient to eliminate separation. 

A conroarlson of the longitudinal static-pressure rise for the 
125° diffuser (ref. 6), the 100® diffuser, and the 100° diffuser with the 
fairing (eq.uivalent to a 52° diffuser) is shown in flgvire 8 for injection 
quantities of R 5*0 percent and suction quantities of R ** 5»7 per- 
cent. These auxiliary -flow quantities were chosen because these condi- 
tions produced the most uniform velocity distributions at station 5 for 
one or more of the configurations, as will he discussed subsequently. 

The 31° diffuser with vortex generators (ref. 5) was also included in 
this figure in order to assess the relative merits of vortex generators 
and auxiliary flow. 

With injection of 5*1 percent, the 100° diffuser produced higher 
static pressures throughout more of the diffusing region than any other 
configuration. The remaining injection configurations produced less 

because of poorer basic design in the case of the 125® diffuser or 

5ci 

because of separation on the cowl in the case of the 100° diffuser and 
fairing. The 100° and 125° diffusers produced higher rates of diffusion 
than the 51° diffuser with vortex generators in spite of the poorer basic 
design of the center bodies. Except for the case where the fairing was 
used to eliminate the extensive backflow regions, the configurations 

utilizing suction for flow control produced low values of . 

<lci 

Static-pressure-rise coefficients, stations 2 and 3. - The static- 
pressure-rise coefficients at station 3 are presented in figure 9 for the 
range of inlet Mach numbers. A small, unfavorable Mach number effect is 
evident for the no-control condition. For comparable auxiliary-flow 
rate, attached flow gives a wall static -pres sure rise greatly exceeding 
the equivalent values obtainable with flow separation occurring on the 
inner body. 

The effect of the auxiliary-flow quantity R on the static-pressure- 
rise coefficient at stations 2 and 3 Is shown in figure 10 for a vaeaa 
inlet Mach number of approximately 0.26. Station 2 is presented since 
it is in a region of maximum improvement due to control, whereas sta- 
tion 3 is at an l/D of I.09, which is of most interest to afterburner 
design. 
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For the 100° diffuser at a given auxiliary -flow rate, attached flow 
produced a static -pressiare rise about 30 percent higher than that for 
separated flow. For either condition, injection through the smaller gaps 
produced higher static -pressure rise for a given aiaciliary flow rate. 

This effect is due at least in part to the higher total pressure of the 
avixillary flow through the smaller gaps. Where sufficient data coverage 
exists, an optimum auxiliary flow rate is indicated for injection. With 
a larger radius cowl which with no control would provide attached flow 
up to the auxiliary -flow opening, it is expected that control would be 
more effective and would produce a higher static -pres sure rise for a 
given auxiliary -flow rate. 

The addition of the fairing was responsible for Improved suction 
performance since the fairing forced the suction to act on the main- 
stream boundary layer instead of on the backflow region. Injection with 
the fairing failed to eliminate separation on the cowl for values of R 
less than about 6 percent; therefore, the performance for a given auxil- 
iary flow rate was Inferior to the 100° diffuser with attached flow. 


Downstream Velocity Distributions 

The velocity distributions at stations 2 and 3 for the no -control 
conditions are presented in figure 11. For pxarposes of comparison, the 
velocity distributions for no control for the 31° diffuser of reference 5 
and the 125° diffuser of reference 6 are also included on this figiire. 

At station 2, there is little difference between the distributions; all 
have a large region of separated flow that extends for approximately 
4 inches from the diffuser center line. Natural mixing of the flow 
between stations 2 and 3 Is responsible for some improvement in the dis- 
tributions, especially with the longer center-body diffusers, but the 
profiles are still nonuniform. 

Injection for flow control with the 100° diffuser (figs. 12(a) to 
12(c)) produced improved velocity distributions in all cases as the 
auxiliary-flow rate Increased; the attached-flow cases produced better 
distributions than the separated -flow cases for comparable auxiliary - 
flow rates, as evidenced by the data for gaps of 0.062 and 0.121 inch. 

For a gap of 0.121 inch, injection rates were obtained which produced 
almost uniform flow at station 3 except for the outer-wall boundary 
layer, which is ^lnavoidable unless control is used on the outer wall. 
Presumably, with a better cowl design, the tmlform distributions would 
have been obtained at lower rates of Injection. The data indicate that, 
for a constant auxiliary-flow rate, smaller gaps produce better velocity 
distributions if attached flow can be maintained over the length of the 
cowl. This is a natural result of the higher total pressure of the 
injection air for the smaller gaps. 
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Suction, when used with the 100° diffuser (fig. 12(d)) had no effect 
on the cowl separation and less positive control over the backflow region. 
Therefore, suction had less effect over the velocity distributions than 
did injection. 

The velocity distributions obtained at stations 2 and 5 with injec- 
tion when the fairing was installed on the plug of the 100° diffuser are 
presented in figure 13(a) . The addition of the fairing prevented the 
formation of the extensive backflow region and eliminated the mixing of 
the injection stream with this backflowj thus, the identity of the injec- 
tion stream was preserved. This effect produced peak velocities in the 
central region at station 2 which were diffused by natural mixing between 
stations 2 and 3 an<l completely eliminated at station 3 for the lower 
rates of injection. Most of the advantage of conserving the injection 
total pressure by the elimination of the extensive backflow region was 
canceled by the separated flow on the cowl and resulted in little net 
effect on the velocity distribution due to the fairing installation. 

With a better cowl design, the deficiency in the velocity (or total 
pressinre) between the injection stream and the main stream would have 
been reduced and the control would have been more effective. 

At stations 2 and 3^ suction with the fairing installed (fig. 13(b)) 
produced definitely superior velocity distributions to those obtained 
with suction and the 100° diffuser alone. The fairing, by eliminating 
the extensive backflow .region, permitted the suction to act more as a 
boundary -layer control} whereas, without the fairing, the suction had to 
control the backflow region also. The profiles at station 3 Indicate that 
suction of approximately 3*8 percent would have produced a nearly constant 
velocity in the central region. 

For purposes of congparison, the velocity distributions obtained with 
Injection of approximately 5*0 percent and suction of 3*7 percent are 
presented in figure l4 along with profiles for the 125 ° diffuser of ref- 
erence 6 at corresponding auxiliary-flow rates and with the diffuser 
of reference 5 when utilizing vortex generators. The values of the injec- 
tion or suction auxiliary-flow rate correspond to nearly lailform velocity 
distributions for several of the configurations and were obtained from 
faired cross plots of the experimental velocity distributions. The 31° 
diffuser with vortex generators is included because the center-body length 
is con^jarable with the fairing configuration and also because this config- 
uration produced one of the best distributions obtained with vortex gen- 
erators . 

It can be seen from figure lli- that with control the more miform 
velocity distributions at station 3 sre obtained with the 100° diffuser 
and fairing when suction is utilized, the 100° diffuser with injection, 
and the 100° diffuser and fairing with injection. Since the suction 
auxiliary -flow rate is only 3«8 percent, the 100° diffuser and fairing 
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is definitely superior when suction is utilized for flow control. The 
31 ° diffuser with vortex generators is inferior to the above three con- 
figurations. The 100° diffuser with suction and the 125° diffuser with 
injection produced the least vinifona velocity profiles. 

Both suction and injection are powerfvil flow controls; they are more 
effective than vortex generators for establishing uniform downstream 
velocity distributions. Locating the vertex of the injection cone approx- 
imately at station 2 provides ample lehgth between station 2 and station 5 
for the velocity distribution to become uniform through natural mixing and 
appears to be a sound design practice. This principle is In agreement 
with the res^llts of reference 5 , which indicate that center -body lergths 
of 50 to 60 percent of the overall diffuser length produced the best 
velocity distribution. It was not possible to determine the relative 
merits of suction and injection because the flow in some cases was sepa- 
rated frcan the cowl. For the same reason, the effectiveness of the 
fairing could not be fully evaluated. 


Mean Performance Coefficients 

Total -pressure-loss coefficient .- Measured total-pressure-loss coef- 
flcients (not corrected for pumping"" power or turb^llence) between the 
inlet and stations 2 and 3 are presented in figure I 5 as a f\mction of 
the auxiliary -flow rate. With attached flow (injection throvigh a gap of 
0.121 inch) in the 100° diffuser, injection reduced the measured loss 
coefficient from a value of O.I 88 for no control to a value of 0.094 at 
3.4 percent auxiliary flow. Since figure 4 indicates a similar trend for 
the mass-flow discrepancy, the true rate of decrease in loss coefficient 
with injection wo\ild be higher than that shown in figure I 5 , accordirg 
to the relation presented in the section, "Basis of Comparison." The 
losses at station 2 are somewhat less than those at station 3 due to the 
mixing and friction losses between the two stations. Suction data at 
both stations and the separated -flow injection cases at both stations 
correspond to high loss -coefficient values because of flow separation 
from the cowl. Injection data with separated flow have not been plotted 
for station 2 because of the scatter present. In general, the gap opening 
had no appreciable effect on the measured loss coefficient for a constant 
auxiliary -air -flow rate when suction was utilized. 

The addition of the fairing was responsible for high loss coeffi- 
cients with injection up to flow rates of approximately 5 percent that 
can be attributed to the flow separation from the cowl. Increased injec- 
tion above 5 percent produced a rapid decrease in the measijred loss coef- 
ficient that presumably indicates a progressive decrease in the extent of 
the separated-flow region. If the values for the total-pressure-loss 
coefficient were corrected for mass-flow discrepancies according to the 
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method presented in a previous section, the same trends as obtained with 
the measured values would result, but the magnitudes woxild be consider- 
ably higher. 

Coefficients corrected for puaroing power .- In order to compare the 
data of the present report with other control systems and diffusers, it 
is necessary to evaluate the power cost of the auxiliary-flow system and 
to correct the performance meas-urements for this power. The pumping- 
power coefficients, calculated according to the methods of a previous 
section, are presented in figure l6 as a function of the percent of aux- 
iliary flow. The power factor increases rapidly with increasing auxil- 
iary flow and approximates a cubic function. Since the 100° diffuser 
had somewhat higher pressures in the region of the auxiliary-flow slot 
than were present after the fairing was installed, the power factor for 
injection is greater for the 100° diffuser, whereas the power factor for 
suction is greater for the 100° diffuser and fairing. For some of the 
higher injection runs utilizing a O.OJl-lnch gap, it is probable that 
the auxiliary flow was in a choked condition. 

The diffuser effectiveness, including the pumping -power correction 
and based on the static-pressure-rise measurements to station 5^ is pre- 
sented in figure I7 as a function of percent auxiliary flow. An increase 
in the effectiveness of the 100° diffuser of 21 percent of that for the 
no-control condition was possible when attached flow was present on the 
cowl and injection q.uantities of 5*40 percent through a gap of 0.121 inch 
or 1.95 percent through a gap of O.062 inch were utilized for flow con- 
trol. This increase in the diffuser effectiveness corresponds with 
increases in the measured static-pressure-rise coefficient at station 5 
of 55 percent and 21 percent, respectively. (See fig. 10.) Reducing 
the effectiveness values to corrected static pressure rise decreases this 
gain in measured performance by 40 and 5 percent for the 0.121-lnoh gap 
and 0.062-lnch gap, respectively, as compared with the 85-percent reduc- 
tion for the 125° diffuser of reference 6. The attached-flow cases 
(injection) indicate that the smaller auxiliary-air -flow gap, which cor- 
responds to higher injection total pressure, was responsible for a 
decrease in the auxiliary -flow rate necessary to attain high performance. 
With a more satisfactory cowl design, stable and attached flow should be 
obtainable for all conditions with a gap of O.O62 inchj this design would 
result in better performance than with a 0.121-inch gap at the same aux- 
iliary flow rate or the same performance at a lower auxiliary flow rate. 
With separated flow from the cowl, the diffuser efficiency, with or with- 
out the fairing, was much lower. 

The total-pressure-loss coefficient corrected for pimping power 
(fig. 18) exhibited less loss with attached flow and injection control 
(100° diffuser) than for no control up to an auxiliary -flow rate of 
approximately 5.5 percent for the 0. 121-inch gap. This trend would be 
accentuated by a correction for mass-flow error as previously discussed. 
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It should be noted that the auxiliary-flow rate that produced the lowest 
corrected loss coefficient did not correspond to that which produced the 
most uniform velocity distribution (see fig. 12(c)). No decrease in the 
corrected loss coefficient was possible with flow separation from the 
cowl by suction, gap variation, or the addition of the fairing. 

A coi! 5 )arison of the performance coefficients for the diffusers of 
the present report with the 125 ° diffuser of reference 6 is presented in 
terms of the diffuser effectiveness and the corrected loss coefficient 
in figure 19 as a function of percent auxiliary flow. Performance points 
for the 51 ° diffuser with and without vortex generators have also been 
indicated on this figure. The effectiveness of the 100° diffuser is 
considerably higher than that of the 125 ° diffuser; this is due in part 
to the better no-control performance of the 100° diffuser that was brought 
about by increasing the radius of the innerbody cowl. The axuclliexy-flow 
system was also more efficient and effective; this result presumably is 
due to the slot design being more efficient than holes and injection air 
adjacent to the main flow and towards the center line being more effective 
than that used with the 125° diffuser. The maximm effectiveness of the 
100° diffuser falls between the no-control and control values of the 
31 ° diffuser with vor-cex generators. 

A coEiparison of the corrected loss coefficient indicates the decrease 
in loss that was obtained by slightly increasing the cowl radius and by 
using a more efficient auxiliary-flow system. Over the entire range of 
auxiliary flow tested, the 100° diffuser with an auxiliary -air -flow gap 
of 0.121 inch had appreciably lower values of the corrected loss coeffi- 
cient tlian did the 125° diffuser of reference 6. These values for the 
100° diffuser, although lower than those of the 125 ° diffuser, ranged 
from 15 percent to 50 percent higher than those for the 31 ° diffuser with 
vortex generators up to an auxiliary -flow rate of 3*7 percent. These 
comparative results would not be altered by a mass -flow-error correction. 


CONCLUSIONS 


A short annular diffuser with an equivalent conical diffuser angle 
of approximately 100° was investigated to determine the effect of suction 
and Injection on the diffuser performance. A fairing was added to the 
basic diffuser to produce a second configioratlon with an equivalent con- 
ical angle of 32° and an approximately conical center body. The diffusers 
had a 21-inch-dlameter straight outer wall, an area ratio of 1.9 to 1, and 
fully developed pipe flow at the inlet. Inlet Mach number was varied from 
0.18 to O.J+5 with a resulting maximum Reynolds number (based on inlet 
hydraulic diameter) of approximately 1.6 x 10°. The ratio of the auxil- 
iary air flow to the flow of the main stream was varied from 0 to approx- 
imately 6 percent. The following conclusions are presented; 
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1. The performance of both models tested was penalized with or with- 
out bovmdary-layer control by the inner-body design which corresponded to 
a rate of area expansion such as to produce flow separation \:pstream from 
the auxiliary flow opening with no control. Flow separation was elimi- 
nated only for the case of the 100° diffuser with injection through the 
larger gaps. Occasionally this attached-flow condition changed abruptly 
to the separated state. This flow change generally occurred with the 
intemuediate gap and appeared to be irreversible. 

2. For the attached-flow cases for the 100° dif fuser , injection 
through the largest gap produced effective control over the velocity dis- 
tribution. At an injection rate of percent, a 33-percent increase 

in the measured static-pressirre rise and a 50 -percent decrease in the 
measured total-pressure loss were obtained. Pumping-power corrections 
reduced the static -pressure gain to 21 percent and eliminated the reduc- 
tion In loss coefficient. The performance in terms of corrected pressure 
coefficients was inferior to that of a 31 ° diffuser previously tested 
with vortex generators; however, the velocity distributions were superior. 

3. Suction control is not efficient when applied in an extensive 
backflow region such as exists immediately downstream of an abruptly 
terminated center body. 

it-. The addition of the fairing to the end of the center body of the 
100° diffuser did not produce efficient performance corrected for pumping 
power because the auxiliary flow was unable to control flow separation on 
the cowl and high total-pressure losses resulted. Both injection and 
suction control with the 100° diffuser with fairing produced effective 
control over the velocity distribution. With suction control, the use of 
a conical center-body design, similar to that obtained with the fairing 
installation, offers substantial advantages in reducing the control 
requirements by eliminating the extensive backflow region. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., November 8, 195^* 
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(a) Diagram of apparatus. 

Figure 1 .- General arrangement of diffuser setup. All dimensions are in 

inches . 
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Figure 1.- Concluded. 
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Figure 2.- iBEypothetical auxiliary air system 
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Figure 4.- Variation of the mass-flov discrepancy with percent auxiliary 
flow at station 3 for 0.26. Shaded symbols indicate attached flow. 






Figure 5 .- No-control coji^jarison of static- pressure-rise coefficient along 

diffuser outer wall. 
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Figure 6.- Concluded. 
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Figure 8.- Control con^jarison of static-pressure-rise coefficient along 

diffuser outer wall. 
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Figure 9 *“ Variation of static-pressure-rise coefficient at station 3 
with mean inlet Mach number. Shaded symbols indicate attached flow 
numbers beside symbols are avixiliary flow rates. 
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Figure 10.” Variation 
auxiliary flow at 


of static-pressure-rise coefficient with percent 
Ml » 0.26. Shaded symbols indicate attached flow 
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(a) Injection - 0.051- inch gap. 

Figure 12.- Exit velocity profiles at stations 2 and 5 for the 100° diffuser. 
Shaded symbols indicate attached flow. 
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(c) Injection - 0. 


Figure 12.- 
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(d) Suction - 0.062- and 0. 121-inch g^e. 
Figure 12.- Concluded. 
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Figure 13.- Exit velocity profiles at stations 2 and 3 for the 100° diffuser 
and fairing. Shaded symbols indicate attached flow. 
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(b) Suction - 0.062- and 0.121-inch gaps. 
Figure 13.- Concluded. 
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Figure 15.- Variation of measured loss coefficient with percent auxiliary 
flow at Ml 0.26. Shaded symbols indicate attached flow. 
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Figure 18.- Variation of corrected loss coefficient at station 5 with 

percent auxiliary flow. 
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